The proportion of labeled IC-glycerol incorporated into phospholipids and the fatty acid composition of three phospholipids in germinating seeds and seedlngs of chilling-sensitive lima beans (Phawsolas liwatus L.) and chilling-resistant broad beans (Vicia faba L.) and peas (Pisum sativum L.) at 10 and 25 C were determined. During the imbibition of seeds (first 24 hours), lima beans were sensitive to chilling injury at 10 C and a higher proportion of label was incorporated into phosphatidylethanolamine and phosphatidylglycerol than in broad beans and peas.
Broad beans and peas incorporated a higher proportion of label into phosphatidylcholine. The oleic add content of phosphatidykholine was higher and linolenic add content was lower in peas and broad beans than in lima beans at 10 and 25 C. The naturated to saturted fatty acid ratio was much higher for the chiing-resstant seeds than for the chilling-sensitive ones. In the seedling stage, the proportion of label incorporated into the four major phospholipids was simar in the three species regardless of temperature treatment. The fatty acid content of the phospholipids examined was not different in the three spedes in the sedgng stage.
Chilling injury of germinating seeds of chilling-sensitive species during the early stages of imbibition has been reported (4, 19) . The injury results in inhibition of germination or abnormal seedling development.
Germination studies with lima beans (Phaseolus lunatus L.) have shown it to be subject to chilling injury during imbibition at temperatures below 15 C. Sensitivity decreases after imbibition (19) . Broad beans (Vicia faba L.) and peas (Pisum sativum L.) have been shown to be resistant to chilling injury (10, 22) .
Chilling-sensitive plants are injured at temperatures of 0 to 10 or 12.5 C. The lipid portion of the membranes appears to undergo a phase transition from a liquid-crystalline to a solidgel state (12) . This phase change has been correlated with a sharp increase in activation energies of enzyme systems associated with these membranes, resulting in the disruption of cellular metabolism followed by chilling injury symptoms (13, 21, 24) . The cellular membrane lipids from chilling-resistant plants have no phase change at 0 to 10 C (12) .
Phospholipids are most important in biological membranes (1, 2) . The temperature of phase transition from a liquidcrystalline to a solid-gel state of synthesized and natural phospholipids is determined by, among other factors, the degree of unsaturation and chain length of the hydrocarbon groups and the nature of the polar group (2, 29) .
In some plants, phospholipid synthesis is affected by the temperature of growth or the degree of cold resistance (11, 28) . Chilling-sensitive plants can be hardened, at least partially, by conditioning them for relatively short periods of time at temperatures slightly above critical chilling temperatures (27, 30) .
Lipid synthesis starts early during seed imbibition (23) and the incorporation of "4C-glycerol into phospholipids of germinating soybeans and hazel seeds has been demonstrated (9, 26) .
Membrane lipids of chilling-sensitive plants contain less unsaturated fatty acids than those of chilling-resistant plants (14) . Phospholipids, in alfalfa (8) and wheat (6), were more unsaturated when growth occurred at low temperatures. Cold-resistant alfalfa varieties had a greater degree of unsaturation in phospholipids than cold-sensitive types (8) .
Since cellular lipids apparently are involved in the cold sensitivity and cold acclimation of plants, knowledge of the pattern of phospholipid synthesis and the distribution of the fatty acids in phospholipids of germinating seeds of chillingsensitive and chilling-resistant plant species may contribute to an understanding of plant susceptibility to chilling injury. Chilling-sensitive lima beans and chilling-resistant broad beans and peas were used to investigate the relationship of phospholipid synthesis and fatty acid composition to chilling sensitivity. Seeds of lima beans, broad beans, and peas were surfacesterilized in 1% NaOCl and imbibed for 24 hr in the dark at 10 or 25 C in sterilized water containing "4C-glycerol (121 or 133.4 mCi/mmol at 0.2 ,uCi/ml of H20) (New England Nuclear). Three lots of seed from each species were treated (20 seeds of lima beans and peas and 12 seeds of broad beans/lot). A similar group of seeds was imbibed for 24 hr in distilled H20 at 10 or 25 C in the dark for fatty acid analysis. One other lot of seeds was held 6 days in moist vermiculite in the dark at 10 C before fatty acid analysis. After imbibition, the seeds were frozen in liquid N2 and lyophilized seeds were stored at -30 C until lipid extraction.
MATERIALS
Seedlings. Seeds of the three species were germinated and the seedlings grown in moist vermiculite in the dark at 25 C. Those plants treated continuously at 25 C were grown 8 days for peas and broad beans and 6 days for lima beans followed by a 24-hr incubation with 14C-glycerol at 25 C. The morphological development of the three species was similar. Plants given a temperature-conditioning treatment were grown at 25 C for 5 days for peas and broad beans and 3 days for lima beans followed by 3 days at 10 C with an additional 24-hr incubation with 14C-glycerol at 10 C. Seedlings grown for fatty acid analysis were incubated in distilled H20 rather than 14C-glycerol. Seed- lings of all three species given this treatment were healthy in appearance and did not show any chilling injury at the time of incubation with '4C-glycerol. Three replicates were used at each temperature treatment with 10 plants/replicate. The incubation treatment was as follows. The seedlings were cut near the radicle and soaked for 24 hr in sterilized H20 containing 14C-glycerol (7.4 mCi/mmol at 0.5 ,uCi/ml of H20). After 24 hr, the plants were frozen in liquid N2, lyophilized, and stored at -30 C until lipid extraction.
Lipid Extraction. Lyophilized seeds were separated into axes and cotyledons and ground in a glass homogenizer to form a powder. The lyophilized seedlings (minus roots) were similarly ground. The lipids were extracted from the ground tissue according to the method of Folch et al. (7) Detection of Phospholipids. The chromatographed phospholipids were separated into major phospholipids, containing more than 95% of the radioactivity: PI3, PC, PE, and PG; and minor phospholipids: PA, PS, CL, and LPC.
The phospholipids were identified by comparison on the TLC plates with pure standards with the following chromogenic reagents (25) : (a) Dragendorffs reagent for PC and LPC; (b) ninhydrin reagent for PE and PS; (c) periodate-Schiff reagent for PI and PG; (d) molybdenum blue reagent for all phospholipids. PI migrated close to PS and their separation was not complete but all other phospholipids were completely separated.
MEASUREMENTS OF RADIOACTIVITY OF PHOSPHOLIPIDS
The labeled phospholipids were located and scraped off the TLC plate into scintillation vials. Scintillation liquid was added, and the vials shaken for 4 to 5 hr to insure distribution of phospholipids throughout the scintillation liquid. The scintillation liquid consisted of toluene mixed with Triton X-100 (2:1, v/v), 4 g of PPO, and 0.1g of dimethyl POPOP/l of toluene (18) . The scintillation liquid also contained 3% Cab-O-Sil on a volume basis. The radioactivity was measured in a Beckman LS-100 liquid scintillation counter.
FATTY ACID ANALYSIS
For fatty acid analysis the phospholipids were located on thin layer plates by spraying with 2',7'-dichloro fluorescein and observed under UV light (17) along with known standards. The fatty acids of PI, PE, and PC were determined. The phospholipids were scraped from the thin layer plates and eluted from the silica gel using chloroform-methanol-water (10:10:0.5, v/v/v). After saponification of the phospholipids with 0.5 N NaOH in methanol, the free fatty acids were methylated with BF3-methanol (14%, w/v) and according to Metcalfe (16) PHOSPHOLIPIDS, FATTY Therefore, broad beans and peas may be considered chillingresistant and lima beans chilling-sensitive during imbibition. In axis and cotyledonary tissue imbibed at 10 C, the per cent incorporation into PC was higher in the chilling-resistant species (broad beans and peas) than in the chilling-sensitive one (lima beans). On the other hand, the per cent incorporation into PE and PG was higher at 10 C in both tissues of lima beans than in broad beans and peas. A comparison of the ratio of per cent incorporation into PC to PE showed that broad beans and peas had a higher PC to PE ratio than did lima beans, especially at 10 C.
Seedling Stage. The distribution of radioactivity in the major phospholipids as a result of the temperature conditioning of seedlings is given in Table III . When 14C-glycerol was incorporated at the seedling stage, the differences in per cent incorporation into specific phospholipids were not correlated to chilling sensitivity when comparing the three species.
The large difference noted in the PC to PE ratio in the imbibition stage between chilling-resistant broad beans and peas and chilling-sensitive lima beans was no longer evident in the seedling stage. Plants of all three species incorporated a higher proportion of "4C-glycerol into PC than into PE when exposed The double bond index has been used to give an indication of the degree of unsaturation in membranes (14) . The D.B.I. of lima beans is larger than that of peas and broad beans. The ratio of unsaturated to saturated fatty acids has also been used to gauge relative degrees of unsaturation. Peas and broad beans always had a higher unsaturated to saturated ratio than lima beans in both tissues and at both temperatures.
Between 1 and 6 days germination at 10 C there was a 10-fold decrease in oleic and a marked increase in linoleic and linolenic acids in axis of broad beans and peas but no change in (Table V) . This is reflected in the D.B.I. and the unsaturated to saturated ratio which show minor differences between species. In contrast to the germination stage, the D.B.I. of lima beans was lower than for the other species. Lima beans consistently showed a lower linoleic and higher linolenic acid content than did broad beans and peas. The hardening treatment (transferring to 10 C for the last 4 days) did not alter the fatty acid composition of PC. A comparison of the fatty acid content of PC in all three species at the germination stage (Table IV) (Table V) showed a large difference in composition. In general, the relative amount of palmitic acid increased and that of oleic acid decreased while the unsaturated to saturated ratio declined. This indicates a shift toward more saturated fatty acids as the plants aged.
The fatty acid composition of PE and PI showed a similar trend as PC at the seedling stage (data not shown).
DISCUSSION
The de novo synthesis of phospholipids is essential for the formation of new and for the repairing of old membranes (1) . During seed germination, phospholipids are synthesized presumably for use in building cellular and organellar membranes (3) . In this study, phospholipids were labeled in both axis and cotyledons of all species and it is assumed that de novo synthesis of phospholipids occurred since glycerol is believed to be a precursor of phospholipids (15) .
The preferential synthesis of some phospholipids at different temperatures may simply reflect faster turnover of some phospholipids. Such differences in turnover rates between phospholipids have been observed in Escherichia coli (13) . The "half- (15) . Since the incubation periods in our experiments were 24 hr, it was assumed that the turnover effect was minimal. Enzxmic breakdown of phospholipids during extraction is also possible (5, 20) . By freezing the tissue in liquid N., and immediately lyophilizing, enzymic breakdown was minimized. The differences in per cent "4C-glycerol incorporated into PC, PE, and PG in imbibing seeds between chilling-resistant species (broad beans and peas), and the chilling-sensitive specie (lima beans), suggest that the type of phospholipid synthesized may be related to sensitivity to chilling injury. Lima beans, sensitive to chilling injury at 10 C in the imbibition stage, apparently synthesize a different complement of phospholipids including a higher per cent PE and PG and lower per cent PC compared to broad beans and peas.
After 24-hr imbibition, there were large differences in fatty acid composition of the three phospholipids investigated between the chilling-sensitive lima beans and the chilling-resistant broad beans and peas. All three phospholipids (PC, PE, and PI) of broad beans and peas had more oleic and less linolenic acid than lima beans at 10 and 25 C. The PC of lima beans had more palmitic acid than that of peas and broad beans in both cotyledon and axis tissue.
The D.B.I. and unsaturated to saturated fattv acid ratio have been used to indicate differences in unsaturation of fatty acids. High values for D.B.I. and unsaturated to saturated fatty acid ratio have been related to chilling resistance (14) . These results do not substantiate the above in that lima beans had a higher D.B.I. than the chilling-resistant species. The D.B.I. may not accurately predict the degree of unsaturation in membranes. However, the unsaturated to saturated ratio was higher in the chilling-resistant species than lima beans, especially in cotyledonary tissue. This is in agreement with reports that chilling resistance is related to unsaturated membrane lipids (12, 14) .
Dramatic differences between lima beans, broad beans, and peas occurred in the fatty acid changes over a 6-day germination period at 10 C. In PC, the oleic acid content in broad beans and peas decreased after 6 days while the linoleic and linolenic acid content increased, particularly in axis tissue. This suggests that in these chilling-resistant plants, there was a shift in metabolism of fatty acids toward a more highly unsaturated state even though this was not reflected in the D.B.I. or unsaturated to saturated ratio. This is compatible with the concept that exposure to low temperatures causes shifts in lipid metabolism toward more unsaturated fatty acids (5, 9, 23) . Lima beans, which are very sensitive to chilling temperatures in the germination stage, did not exhibit any change in fatty acid composition from imbibition to the 6th day when kept at 10 C. This probably indicates that the seed was injured by the low temperature preventing the shift in fatty acid metabolism.
In the seedling stage, lima beans lose their sensitivity to chilling injury and the incorporation pattern of "4C-glycerol is different than during imbibition. Although differences in per cent incorporation into the four major phospholipids occur, the differences among the three species at similar temperatures were not correlated. This again suggests that the type of phospholipids synthesized is important in determining chilling sensitivity of seeds and seedlings. In the seedling stage, fatty acid composition of the three phospholipids investigated was very similar regardless of the temperature treatment. As the lima bean seedling develops it loses its extreme sensitivity to cold temperatures and this may explain the similarity of fatty acid composition among lima beans, broad beans, and peas. There were small differences among species in the D.B.I. and the unsaturated to saturated fatty acid ratio as expected because of the small differences in sensitivity to 10 C at this stage of growth. Exposure to low temperature (hardening treatment) did not increase the unsaturation of the phospholipids. Perhaps the chilling period of 4 davs was not sufficiently long to cause a change in metabolism toward more unsaturated fatty acids.
A comparison of unsaturated to saturated fatty acid ratios of all species between the imbibition stage and the seedling stage showed a large decrease in the degree of unsaturation. This was unexpected since there is no evidence that broad beans and peas change in sensitivity to low temperatures as the plants age. This might indicate that the degree of unsaturation of the phospholipids alone is not the determining factor governing chilling resistance or sensitivity. Wilson (31) has also made the same observation.
In simple lipid systems the temperature at which the phase transition occurs is dependent on the type of phospholipid as well as hydrocarbon chain length and degree of saturation (2, 29) . However, PC with the same hydrocarbon chain length and saturation as PE changes phase from a liquid-crystalline to crystalline state at a lower temperature (2, 29) .
Membranes with a higher content of PC relative to PE could have a phase transition at a lower temperature than those membranes with a larger proportion of PE. The PC to PE ratios of the chilling-resistant crops are relatively high compared to lima beans during the imbibition stage. In the seedling stage, when lima beans lose their chilling sensitivity, the differences among PC to PE ratios of the three crops are small. An increase in the proportion of label incorporated into PC at low temperatures has been reported for alfalfa (11) and wheat tissue (28) . Also cold-hardy wheat and alfalfa tissue have been reported to synthesize a higher proportion of precursors into PC than more cold-sensitive cultivars (11, 28) . Our work also indicates that hardening (3 days at 10 C) increases the proportion of label incorporated into PC and decreases it in PE in the seedling stage of all three species.
The changes observed do not show a cause and effect relationship between membrane composition and chilling injury. Further work demonstrating similar differences in phospholipid synthesis and/or fatty acid content with cultivars within a species showing differences in ability to germinate at low temperature should be correlated with possible membrane compositional changes and vice versa.
